ABSTRACT We report the nucleotide sequence of a gene encoding a human immunoglobulin Cy,2 region. Comparison with the previously determined C,,4 sequence reveals that these two genes share extensive (=95%) homology in the three CH domain exons and adjacent noncoding regions. In contrast, hinge exons have diverged to a much greater degree, implying that natural selection has favored the generation ofdiversity in these coding regions. We have used the .noncoding nucleotide differences to estimate that approximately 6-7 millionyears have elapsed since the occurrence of the gene duplication or correction event which generated the two identical ancestral genes. In addition we show that the two C,, genes are arranged in human chromosomal DNA in the configuration 5'-C,2-17 kilobase pairs -C,,4-3'.
previously determined C,,4 sequence reveals that these two genes share extensive (=95%) homology in the three CH domain exons and adjacent noncoding regions. In contrast, hinge exons have diverged to a much greater degree, implying that natural selection has favored the generation ofdiversity in these coding regions. We have used the .noncoding nucleotide differences to estimate that approximately 6-7 millionyears have elapsed since the occurrence of the gene duplication or correction event which generated the two identical ancestral genes. In addition we show that the two C,, genes are arranged in human chromosomal DNA in the configuration 5'-C,2-17 kilobase pairs -C,,4-3'.
IgG is the major class of antibody molecule in the serum of mammals, representing 70-80% of the total serum immunoglobulin in humans. It is distinguished from other classes of antibodies by a y heavy chain constant region (C,). The Cy regions of human IgG molecules are divided into four subclasses (Cy,, Cy2, Cy3, and C,4) encoded by distinct germ-line genes (1) . Protein sequence studies (2) (3) (4) (5) have shown that the subclasses are highly homologous, indicating that the corresponding genes derive from a common ancestral Cy gene.
Subclasses of IgG have been observed in several other mammals, although the number varies for different species (6) . This observation suggested that C, gene duplications occurred independently in various mammalian evolutionary lines after their divergence from a common ancestor. The model assumes that members ofa C gene family evolve independently and that the accumulated differences in the C, genes reflect the time elapsed since the duplication event. Molecular analyses of mouse C, genes suggest that this simple model may not be correct (7, 8) . These studies indicate that, during evolution, genetic information has been exchanged between nonallelic mouse Cy genes. This implies the existence of mechanisms that prevent the C, genes from freely diverging from one another, so that sequence homology is continually renewed within the gene family. This postulated type of mechanism has been termed "gene correction" (9) .
We are interested in determining the structural characteristics of human C, genes to provide insights into the evolution of the C, gene family. We previously determined the complete nucleotide sequence of one human C, gene, that encoding the C,4 region (10). In this paper we report the sequence ofa human Cy2 gene and compare it to the C,4 sequence. In addition we provide molecular evidence that these genes lie adjacent to one another in human chromosomal DNA.
MATERIALS AND METHODS Materials. The human genomic DNA library was obtained from T. Maniatis. Sources ofnucleic acid enzymes, reagents for DNA sequence analysis, bacteria, and the phage M13mp2were those described by Steinmetz et aL (11) .
Isolation and Subeloning of Cloned Human Chromosomal Fragments. All cloning experiments were carried out in accordance with the recommended National Institutes of Health guidelines for recombinant DNA research. Isolation and restriction mapping of DNA fragments from a human genomic DNA library cloned in A Charon 4A.bacteriophage were done as described (10) . Either the entire Charon 4A recombinant or the C.-containing 6.4-kilobase-pair (kb). HindIII fragment of clone 5A was subcloned into the phage M13mp2. The DNA was first digested with HindIII plus either Ava II or Alu I. EcoRI-cleaved M13mp2 DNA and the fragments to be cloned were made flush-ended by treatment with T4 DNA polymerase and then were blunt-end ligated, (12) . The ligation mixture was used to transform Escherichia coli strain JM101, and C.,-containing clones were isolated after screening of plaques (13) with the subeloned C,4 gene from clone 24B (see Fig. 1 Steinmetz et aL (11) , except that [a-32P]dATP was used as the labeled precursor. Alignment of the analyzed fragments yielding the composite Cy DNA sequence was determined by either overlaps of Ava II and Alu I fragments or by homology ofthe translated DNA sequence to existing sequence data for a human 'y2 protein (3).
RESULTS
Human Cy2 and C,,4 Genes Are Linked. Human genomic DNA clones hybridizing to a human C,3 cDNA probe were isolated as described (10) . Restriction maps for the inserts offive of these clones indicate that the corresponding chromosomal fragments overlap (Fig. 1) . From clone blot hybridization experiments with the C,3 probe, we deduce that two separate regions on the composite stretch of human DNA contain C.Y sequences. We have previously determined the nucleotide sequence of the gene on the right of Fig. 1 and found that it encodes a C,4 region (10). The sequence analysis of the C,4 gene indicated that it is transcribed from left to right in Fig. 1 Our sequence ofthe C,2 gene, whichiegins 214 nucleotides 5' to the CH1 coding region and continues 207 residues past the termination codon, contains the same general structural features that we previously observed for the human C,4 gene (10).
The constant region and hinge exons are separated from one another by intervening DNA sequences (whose lengths are virtually identical in the two genes), and characteristic residues are present at the intron-exon junctions which presumably play a role in determining the proper splicing ofthe coding segments in the nuclear RNA precursor (17) . The hexanucleotide A-A-T-A-A-A, which has been implicated as a signal sequence for the polyadenylylation ofeukaryotic structural gene transcripts (18) Table 1 lists the nucleotide differences in the various coding and noncoding segments of the two human genes. Two notable features ofthe homology relationship are evident from the data. First, the noncoding regions show nearly as much homology as do the CH domain exons (=95%). Second, the hinge exons are only about 70% homologous and thus are far more divergent than any of the other coding or noncoding regions.
In studies of recently diverged genes, Perler et al. (21) determined that noncoding nucleotide substitutions appear at a rate ofapproximately 7 x 10' nucleotide substitutions per site per year. Assuming that these substitutions are phenotypically silent and thus not subjected to natural selection, this rate approximates the actual mutation rate and is presumed to be linear over a relatively -short evolutionary period [about 100 million years according to these authors (21)]. Thus we should be able to use the data ofTable 1 to estimate the time of divergence of the human C.y2 and C,4 genes from a common ancestral sequence. Using the total percentage divergence in noncoding regions (4.6%) and the above substitution rate, we estimate that approximately 6.6 million years have elapsed since divergence of the human Cy2 and Cy4 genes. parison of the three C,2sequences (two protein and one DNA) reveals three to four.interchanges between all pairs ofcompared sequences, most of which are due to differences in amide assignment. We cannot be certain that any of these differences reflect genetic polymorphisms rather than technical artifacts.
Thus, the protein polymorphisms seen in this small sample of ILIILLt t Cy2 and Cy4 sequences are quite limited and possibly nonexistent. This observation is not surprising, given the paucity ofdifferent allotypes observed for human y2 and 4 chains (23).
??? f t f T flIn contrast, the human yl and y3 chains exhibit a large number of distinct genetic variants (24) .
?? ? .
t tOne striking feature ofthe coding sequences compared here is the extensive divergence in the hinge exons. Fig. 2 * These were introduced as noted in Fig. 2 ; the relevant residues were not compared and do not contribute to the calculation of % difference. t The homologous residues read in different reading frames are not compared here. t See Fig. 2 .
§ This region extends from the residue immediately 3' to the termination codon to the site of poly(A) addition. We have tentatively placed this latter site 125 nucleotides 3' to the stop codon (see figure 5 of ref. 10 ).
of the corrected gene is replaced by the sequence of a homologous nonallelic gene (9) . Two mechanisms for gene correction among tandemly linked genes are homologous unequal crossover and gene conversion. Both models assume that the genetic recombination takes place between tandem gene arrays that are in phase but out of register, so that apposing DNA sequences are homologous but not identical. When unequal crossover events occur in intergenic regions, the result is expansion and contraction of the size of the gene family. Repeated events of this type during evolution can result in fixation of the sequence of a single family member at the expense of the other members (29) . The result of an unequal crossover event within nonallelic structural genes is the production of a hybrid gene, the classic example being that of hemoglobin Lepore (30 (8, 32, 33) . In all of these cases, recombination points are proposed to lie within the structural genes rather than in intergenic regions. This conclusion follows from the observation that the levels of homology are an important role in the evolution of the human C. gene family.
